This study examined sex differences in categorization of facial emotions and in activation of brain regions supportive of those classifications. In Experiment 1, performance on the Facial Emotion Perception Test (FEPT) was examined among 75 healthy females and 63 healthy males. Females were more accurate in the categorization of fearful expressions relative to males. In Experiment 2, 3T fMRI data were acquired for a separate sample of 21 healthy females and 17 healthy males while performing the FEPT. Activation to neutral facial expressions was subtracted from activation to sad, angry, fearful, and happy facial expressions, respectively. Although females and males demonstrated activation in some overlapping regions for all emotions, many regions were exclusive to females or to males. For anger, sad, and happy, males displayed a larger extent of activation than did females, and greater height of activation was detected in diffuse cortical and subcortical regions. For fear, males displayed greater activation than females only in right postcentral gyri. With one exception in females, performance was not associated with activation. Results suggest that females and males process emotions using different neural pathways, and these differences cannot be explained by performance variations. 
Introduction
During the last decade there has been a growing interest in understanding sex differences in the ability to process emotional stimuli, with healthy females consistently performing better than healthy males, both in terms of accuracy and speed of processing (Hall & Matsumoto, 2004; Mathersul et al., 2008; Montagne, et al., 2005; Mufson & Nowicki, 1991; Thayer & Johnsen, 2000; . Following from these behavioral findings, functional neuroimaging studies have sought to identify the neural correlates underlying these sex differences, yet few have integrated functional imaging with performance considerations. Because mood and anxiety disorders are thought to be secondary to dysfunction in emotion processing circuitry (Chan et al., 2009) , sex comparison studies shed insight into biological processes that may underlie the greater susceptibility to mood and anxiety disorders in females as compared to males (American Psychiatric Association, 2000) .
Processing of facial emotions is of particular interest to cognitive and affective neuroscientists because it entails both cognitive and interpersonal elements and may be particularly disrupted in affective disorders; consistent with differences in prevalence, Sex Differences 4 activation, and happiness and disgust with activation in the basal ganglia (Phan et al., 2002) .
Studies employing a range of tasks and stimuli generally suggest that, although some similarities exist, females and males process emotions using different brain regions.
Sex differences in functional activation have been noted during viewing of emotionallyladen pictures (Caseras et al., 2007; Hofer et al., 2006; Schienle et al., 2005) , viewing of positively-and negatively-valenced words (Hofer et al., 2007) , rating of unpleasant words (Shirao et al., 2005) , and during facial emotion processing (Aleman & Swart, 2008; Hall & Matsumoto, 2004; Killgore & Yergelun-Todd, 2001 Lee et al., 2002) . A meta-analysis of 105 studies that examined processing of human emotional facial expressions among healthy adults concluded that males generally show greater activation relative to females in a region spanning the right amygdala and parahippocampal gyrus, the right medial frontal gyrus, and the left fusiform gyrus; furthermore, females demonstrate greater activation than males in right subgenual cingulate (Fusar-Poli et al., 2009) . Similarly, a meta-analysis of 65 studies found increased activation in females in the subgenual anterior cingulate, the thalamus, and the midbrain, and greater activation in males in the inferior frontal cortex and posterior regions (Wager, et al., 2003) . Of note, neither of these meta-analyses specified the number of studies in which sex was directly evaluated; however, given the extant literature on this topic, they are likely to be few in number.
Importantly, these prior studies reported differential regional activations in males and females and drew inferences about sex differences in behavioral performance based upon the different brain localizations, across a variety of stimuli, but without actual Sex Differences 5 performance correlates. Clearly, these types of inferential conclusions are premature without direct demonstration of relationships between performance and activation, and no study to date has pursued correlational analyses to support the interpretations that have been made. Specifically, it is not clear whether activation differences might underlie performance variations observed between females and males, or whether they represent relatively separate developmental processes and/or strategic approaches to tasks. Findings from a study by Derntl and colleagues (2009) that utilized a face emotion recognition paradigm suggest that relationships between activation and performance are important, and may differ by sex. While both females and males demonstrated bilateral amygdala activation to every emotional condition, only in males was a significant relationship found between amygdala activation and accuracy for fearful expressions.
The large majority of neuroimaging studies investigating facial emotion perception have utilized experimental tasks with implicit emotion processing paradigms, such as passive viewing of stimuli (e.g., (Lee et al., 2008) , presenting masked faces theoretically outside of conscious awareness (e.g., (Dannlowski et al., 2008; Dannlowski et al., 2007) , or oblique sex/age discrimination tasks (e.g., (Canli et al., 2005; Costafreda, Khanna, Mourao-Miranda, & Fu, 2009) . A few studies have utilized tasks requiring explicit emotion judgments, although these tasks have required simpler emotional classification decisions about facial expressions (e.g., emotional vs. neutral; (Almeida, Versace, Hassel, Kupfer, & Phillips, 2010) or matching emotions presented in different faces (e.g., (Frodl et al., 2009; Phan, Fitzgerald, Nathan, & Tancer, 2006) . Often, prior explicit studies have used tasks with ceiling effects, and thus did not capitalize upon challenging subjects to the point of dysfunctional performance, precluding the analysis of Sex Differences 8
Facial Emotion Perception Task (FEPT).
The FEPT was used to assess the accuracy of participants' ability to categorize facial expressions (Ekman & Friesen, 1976; Langenecker et al., 2005 Langenecker et al., , 2007 Rapport et al., 2002; Tottenham et al., 2002) . This test required participants to categorize briefly presented faces into one of four emotion categories (happy, sad, fear, or angry), including neutral trials in which they were forced to select one of these four emotions, or to categorize pictured animals into one of four categories (primate, dog, cat, or bird; for use in other different studies in which a block design is employed). Each presentation, regardless of face or animal, began with an orienting cross in the center of the screen that was presented for 500 ms. The orienting cross was followed by a facial emotion stimulus (300 ms), then a visual mask to prevent visual afterburn phenomena (100 ms), then a response period (2600 ms). Each trial lasted 3500 ms and there was no ITI.
The out-of-scanner version of the FEPT had seven face blocks and two animal blocks and took seven minutes to complete, using Ekman faces (Ekman & Friesen, 1976) .
It was completed by both samples of participants. The fMRI version of the FEPT included 21 face blocks and eight animal blocks, with presentation of specific emotions counterbalanced to the second order, such that there were an equal number of emotions followed by every other emotion (e.g., happy followed by neutral, happy followed by sad, etc.). The animal block trials were used as a method of controlling for visual processing and praxis, for use in a block design that is not part of the current study.
The in-scanner version consisted of five, three-and-one-half minute runs and entailed 56 animal presentations and 147 facial emotion presentations, using the MACBrain Foundation faces (Tottenham et al., 2002) . It included presentation of 38 neutral faces. There were no repetitions of same actor/actress with the same emotion to avoid habituation effects in the experiment.
Scanning Procedures. During the fMRI scan, participants lay flat on their backs in the scanner and used a five-button key-press device to record responses, using only index through pinky fingers to respond specifically to each stimulus. Goggles attached to the head coil were used for display of the stimuli, or images were projected onto a screen and viewed through prism glasses. Participants wore earplugs in order to reduce the 95 dB scanner noise to well below 75 dB. Foam padding and a Velcro fixation strap were used in order to reduce head motion artifact.
MRI Acquisition. Whole brain imaging was performed using a GE Signa 3T scanner (release VH3). The fMRI series consisted of 30 contiguous oblique-axial sections that were 4mm thick to cover the brain, and these were acquired using a forward/reverse spiral sequence, which provides excellent fMRI sensitivity (Glover & Thomason, 2004) .
The image matrix was 64 x 64 over a 24 cm field of view resulting in a 3.75 x 3.75 x 4mm voxel. The 30-slice volume was acquired serially at 1750 ms temporal resolution for a total of 590 time points for the FEPT task. One subject had fewer repetition times (530 total), with briefer rest blocks at the end of each run, though the scan was otherwise identical with regard to design and order. Additionally, this subject had an echo-planar acquisition sequence rather than a forward/reverse spiral sequence, with no difference in MRI Processing. Images were processed using SPM2 (Friston et al., 1995) .
Images were realigned, stereotactically normalized, and smoothed using a 5mm fwhm (full width at half maximum) Gaussian filter. Contrast images were then derived based upon the event-related design and used within the group analyses conducted with SPM5.
Analyses. Behavioral data were examined using independent-samples two tailed t tests of accuracy for fear, anger, happy, and sad stimuli. Differences in d' were examined for each emotion, which represents the sensitivity to discriminate a particular stimulus from noise accurately (Corwin, 1994; Todorov, 1999 For fMRI data, activation in response to identification of neutral facial expressions was subtracted from identification of fear, anger, sad, and happy facial expressions, respectively. The emotion identification minus neutral identification subtractions were computed by using the BOLD signal for each emotion identification event (fear, anger, sad, happy) and subtracting similar BOLD signal changes for neutral identification events for each individual. Group analyses used these individual contrasts for comparisons and were run in SPM5. Second-level analysis employed multivariate analysis of variance, with sex as the independent variable, and fear-neutral, anger-neutral, sad-neutral, and happy-neutral contrasts as dependent variables. We conducted whole brain analysis with correction for multiple comparisons. Separately, based upon prior convention and theoretical interest, we also conducted ROI analysis using the amygdala.
First, we examined activation for each emotion (relative to neutral) in females and males Sex Differences 11 separately. We additionally examined which regions were exclusive to females and to males by masking significant areas of activation for the males (in females only analyses) and females (in males only analyses). Third, we examined the overall effect of sex, emotion, and the interaction of sex and emotion on activation for each of the emotions, followed by post hoc t tests when appropriate. Finally, we tested whether activation differences between females and males are related to sex, rather than to between-sex differences in performance. To do so, we assessed the relationship of performance and activation with Pearson correlational analyses by extracting activation values using MarsBAR for individuals in regions where significant activation differences were observed between females and males. A threshold of p < 0.001, mm 3 > 216 was employed for whole brain statistical tests conducted in SPM5. This threshold meets the combined height and extent threshold as determined by 1000 Monte Carlo simulations using AlphaSim (whole-brain corrected p < .05). For amygdala ROI analyses, a threshold of p < .05, mm 3 > 39 was used.
Results
Experiment 1 -FEPT Performance. Performance on the FEPT in Experiment 1 (n = 75 females, n = 63 males) revealed that females were significantly more accurate for fear stimuli, relative to males, t(136) = 2.37, p < .05, Cohen's d = .40, but females and males performed equivalently for anger, happy, and sad stimuli (all ps > .17). Table 1a provides the descriptive statistics, t statistics, and effect sizes for the comparisons. Table 1b for descriptive statistics, t statistics, and effect sizes for the comparisons.
Insert Table 1 about here caudate. Again, males displayed more widespread activation than did females (females = 832 mm 3 , males = 4,160 mm 3 ). Table 2 , Figure 1 about here
Experiment 2 -fMRI Areas of Activation for Females and Males.
For the amygdala ROI analyses, males demonstrated nominally greater lateralization to the left for fear and anger, but bilateral activation for happy. Males also demonstrated indiscriminate levels of activation for positive and negative emotions, whereas females activated amygdala to a greater extent in response to anger and fear, relative to happy. Activation of amygdala for sad was not significant for females or males (see Table 2 , Figure 2 ). To specifically test whether there is an interaction of gender x emotion x hemisphere, we ran a repeated measures ANOVA. For anger, there were two regions of activation in each hemisphere, so we created an average for each hemisphere, weighted by extent of activation. Here we observed a significant interaction of gender x emotion, F(1, 36) = 6.03, p < .05, primarily driven by happy, but the interaction of gender x emotion x hemisphere was not significant (p = .15).
- Sex Differences 14 males in a wide range of frontal, temporal, parietal, occipital, and subcortical regions, in addition to cerebellum and midbrain (see Table 3 ). Table 3 about here
Post-hoc t tests were conducted in SPM5 to assess the direction of activation differences for females and males for each emotion-neutral contrast. No area of activation was significantly greater in females than in males for any of the four emotions (i.e., happy, fear, anger, sad). Several areas for each emotion were significantly more active in males than in females, however. and happy, and greater right amygdala activation for sad (see Table 4 ). Sex Differences 15
In a post-hoc manner, we also sought to understand whether there are more specific differences in activation during identification of facial emotions between females and males, when activation of specific emotions is compared to one another.
In prior ( 
Sex Differences 16
Males also deactivated one region of the cerebellum culmen (24 -54 -16) significantly more than did females, t(36) = -2.4, p = .02.
Relationship of Performance to Regions with Significant Sex Effects.
Finally, Pearson product-moment correlations were conducted to investigate associations between FEPT performance (i.e., accuracy) and extracted fMRI activation in areas that were significantly different between females and males. This set of analyses was exploratory and descriptive; therefore, no correction for multiple comparisons was employed. In males, there were no significant relationships between extracted mean BOLD signal for any of the four emotions and performance. In females, only activation in left precuneus (happy extracted mean from Table 2 ; 2, -50, 58) was related to accuracy for happy faces (r = -.48, p < .05).
Discussion
The two experiments presented demonstrate that males show generally greater extent and height of activation than females when processing facial emotions; moreover, these findings held for facial emotions for which females did not show better accuracy than males, and by and large, activation was unrelated to performance. Thus, the present study identified sex differences in functional activation in processing facial emotion among healthy males and females and reduced ambiguity in prior literature regarding whether sex-related activation differences are subserved by performance differences.
The present findings indicate that activation differences between males and females appear to be how emotion is processed differently, irrespective of accuracy, at least on a linear level.
Experiment 1 confirmed the hypothesis that females and males differ in their accuracy and sensitivity in categorizing facial emotions; females outperformed males in identifying fearful faces. This finding strengthens existing literature demonstrating that females are more adept than are males at classifying facial emotions, and specifically negatively-valenced emotions (Montagne et al., 2005) . At the same time, females have been found to be more accurate than males at classifying facial expressions of anger (Montagne et al., 2005 );
while we did not replicate those findings here, the observed effects were in the same direction as in previous work.
As initially hypothesized, females and males displayed different patterns of activation during identification of facial emotions. For anger, happy, and sad emotions, males showed substantially more widespread activation than females, and this was especially true for happy expressions of emotion. Conversely, females activated more widespread regions for fear than did males, although the magnitude of activation was not greater in females than in males for any region. Sex Differences 18 studies to be important for processing of emotional faces in general, and it is even activated during processing of neutral faces (Kesler-West et al., 2001) . That females activated this region to a greater extent than did males, and activated fewer other regions may suggest that females are more efficient at processing angry emotion, utilizing an area that is generally important for face processing, but requiring few other regions for achieving equivalent performance to males, who activated with greater regional extent.
The suggestion here is one of compensation: Although females and males do equally well in identifying angry emotion, males may activate more diffuse brain regions to achieve similar levels of performance.
A similar picture of more diffuse activation in males relative to females was observed in identification of happy emotional expressions. Males activated larger extents of widespread cortical regions and limbic regions than did females, whereas females only significantly activated the right precuneus/cuneus and the left caudate body. For sad, again, a similar picture emerged, whereby females activated only posterior cingulate/precuneus. Males activated posterior cingulate and precuneus as well, but more so than females, with additional activation observed in areas shown to be important for emotion processing, including mid cingulate, insula, caudate, precuneus, and middle frontal gyrus (Fusar-Poli et al., 2009; Phan et al., 2002) . The posterior cingulate/precuneus region has been associated with self-referential processing, or mediation of emotion and memory related processing (Maddock et al., 2003; Rameson et al., 2010) and has been shown to be active especially during processing of negative emotions (Phan et al., 2002) . That males required engagement of additional regions associated with emotion processing again suggests a compensation hypothesis, as with This finding contradicts studies that have demonstrated greater lateralization (typically to the right hemisphere) of brain functioning in males than in females (Bowers & LaBarba, 1988; Hines et al., 1992; Russo et al., 2000) , although these studies have not specifically studied emotion processing. That females showed more widespread activation for fear relative to males is interesting in light of the finding that females were also more accurate in identifying fearful faces. Taken together, these findings suggest that females process fearful facial expressions differently than males, with greater hemispheric specialization, and use several additional brain regions, including right superior temporal gyrus, left middle frontal gyrus, and right insula. The insula has been found to be important for processing fear in a meta-analysis, although this study did not examine sex effects (Phan et al., 2002) .
In ROI analyses of the amygdala, we demonstrate a pattern trending toward with previous studies showing greater lateralization in the amygdala among males during tasks of emotion processing Schneider et al., 2000) , but differ from the results of a meta-analysis showing that females and males demonstrate equivalent patterns of bilateral amygdala activation, though with different regions of peak density, with males showing greater peak density in the right sublenticular area, and females in the left sublenticular area (Wager et al., 2001 ). This prior investigation of Wager and colleagues included studies using a variety of emotion processing tasks, and also collapsed findings across emotions. It is notable that in the current study, males demonstrated a pattern of bilateral activation for happy, but not for negative emotions (fear and anger), suggesting that collapsing emotions may mask laterality differences in females and males. The other relevant finding from the ROI analyses was that females activated the amygdala to a greater extent for fear and anger, relative to happy, whereas males activated amygdala indiscriminately regardless of valence. Given that the amygdala has been conceptualized as a "relevance detector" (Sander et al., 2003) To our knowledge, this is the first study to address the influence of sex on brain activation during processing of facial emotions that concurrently evaluates the effect of performance on differential patterns of activation. Females and males who underwent fMRI also showed a wide range of accuracies, allowing for the opportunity to examine relationships between performance and activation in regions that differed among males and females in the imaging data. Given that these were healthy adults, it is difficult to evoke truly dysfunctional performance; however, future studies might add more and subtler emotions (e.g., disgust, contempt, surprise) to those examined in the present study. A wider and subtler range of emotions might further reduce the sex-specific patterns of activation observed during facial emotion identification. Additionally, metacognitive processes such as confidence in accuracy might be interesting to pursue; it would be of interest to know whether these adults are aware when they incorrectly identify emotions, and how this phenomenon relates to neural activation. Studies that systematically examine errors in emotion identification also might be fruitful toward understanding sex-related differences in emotion processing. One additional limitation of the present study is that we did not assess for phase of menstrual cycle. This characteristic may be predictive of accuracy for identification of facial emotions and patterns of functional activation during facial emotion processing (Derntl et al., 2008) .
The number of subjects may also have been relatively small for addressing relationships between BOLD activation and performance variations.
In sum, the findings support the view that females and males process facial emotions with different neural circuitry, and this is not fully accounted for by variations in performance. It emphasizes the importance of considering sex differences as a moderating variable in studies of facial emotion processing. More broadly, these data have relevance for psychopathological processes where sex differences have been described, such as in mood and anxiety disorders, and where sex differences in their neurobiological substrates are just starting to be explored.
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